Abstract Delayed complications following lumbar spine fusion may occur amongst which is adjacent segment degeneration (ASD). Although interspinous implants have been successfully used in spinal stenosis to authors' knowledge such implants have not been previously used to reduce ASD in instrumented lumbar fusion. This prospective controlled study was designed to investigate if the implantation of an interspinous implant cephalad to short lumbar and lumbosacral instrumented fusion could eliminate the incidence of ASD and subsequently the related reoperation rate. Groups W and C enrolled initially each 25 consecutive selected patients. Group W included patients, who received the Wallis interspinous implant in the unfused vertebral segment cephalad to instrumentation and the group C selected age-, diagnosis-, level-, and instrumentationmatched to W group patients without interspinous implant (controls). The inclusion criterion for Wallis implantation was UCLA arthritic grade \II, while the exclusion criteria were previous lumbar surgery, severe osteoporosis or degeneration[UCLA grade II in the adjacent two segments cephalad to instrumentation. All patients suffered from symptomatic spinal stenosis and underwent decompression and 2-4 levels stabilization with rigid pedicle screw fixation and posterolateral fusion by a single surgeon. Lumbar lordosis, disc height (DH), segmental range of motion (ROM), and percent olisthesis in the adjacent two cephalad to instrumentation segments were measured preoperatively, and postoperatively until the final evaluation. VAS, SF-36, and Oswestry Disability Index (ODI) were used. One patient of group W developed pseudarthrosis: two patients of group C deep infection and one patient of group C ASD in the segment below instrumentation and were excluded from the final evaluation. Thus, 24 patients of group W and 21 in group C aged 65? 13 and 64? 11 years, respectively were included in the final analysis. The follow-up averaged 60 ± 6 months. The instrumented levels averaged 2.5 ? 1 vertebra for both groups. All 45 spines showed radiological fusion 8-12 months postoperatively. Lumbar lordosis did not change postoperatively. Postoperatively at the first cephalad adjacent segment: DH increased in the group W (P = 0.042); ROM significantly increased only in group C (ANOVA, P \ 0.02); olisthesis decreased both in flexion (P = 0.0024) and extension (P = 0.012) in group W. The degeneration or deterioration of already existed ASD in the two cephalad segments was shown in 1 (4.1%) and 6 (28.6%) spines in W and C groups, respectively. Physical function (SF-36) and ODI improved postoperatively (P \ 0.001), but in favour of the patients of group W (P \ 0.05) at the final evaluation. Symptomatic ASD required surgical intervention was in 3 (14%) patients of group C and none in group W. ASD remains a significant problem and accounts for a big portion of revision surgery following instrumented lumbar fusion. In this series, the Wallis interspinous implant changed the natural history of ASD and saved the two cephalad adjacent unfused vertebra from fusion, while it lowered the radiographic ASD incidence until to 5 years postoperatively. Longer prospective randomized studies are necessary to prove the beneficial effect of the interspinous implant cephalad and caudal to instrumented fusion. We recommend Wallis device for UCLA degeneration I and II.
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Introduction
Lumbar fusion has been used to reduce persistent conservative treatment axial back pain and/or segmental instability. Decompression and fusion in symptomatic degenerative spondylolisthesis (grades I, II) has been followed by very good functional results [49] . Furthermore, wide decompression for significant symptomatic spinal stenosis often associated with the loss of segmental lumbar lordosis may jeopardise segmental stability of the lumbar spine that makes an additional stabilization mandatory.
Although instrumented lumbar spine fusion is a commonly performed procedure, its role remains debated, and moreover, delayed complications may occur, amongst which is adjacent segment degeneration (ASD).
Adjacent segment degeneration describes nearly any abnormal process that develops in the mobile segment next to a spinal fusion and although the exact mechanism remains uncertain, altered biomechanical stresses (hypermobility, olisthesis, disc height (DH) loss, instability) appear to play a key role in its development [4, 16, 19, 30, 33, 34, 39, 47] . Although several clinical and radiological criteria have been introduced to define segmental spinal instability there is no consensus as regard its definition.
Although most often the criteria to determine ASD are based solely on radiographic findings [2, 7, 19, 28, 30, 34, 39, 41, 59] reporting an ASD incidence ranging from 8 to 100%, the symptomatic incidence of ASD is significantly lower ranging from 5.2 to 18.5% [7, 28, 31] , while the rate of re-operation rate for symptomatic ASD ranges from 2.7 to 20% [16, 58] .
There is a controversy regarding the risk factors involved in the development of ASD [2, 11, 12, 22, 28, 40, 41, 47, [57] [58] [59] . Non-rigid, dynamic or flexible instrumentations for lumbar spine have been developed to reduce ASD [17, 18, 27] . These implants are either fixed in the pedicles, or secured between the spinous processes of adjacent vertebrae [38, 48] . Long-term results showed several significant drawbacks and implant-related complications in the non-rigid pedicle fixed instrumentations [18, 54] .
The interspinous process implants, that are currently used for the treatment of neurogenic Claudicatio, reduce pathologic extension at the symptomatic spinal levels and intradiscal pressure and facet load, preventing narrowing of the spinal canal and neural foramens [36, 46, 59, 61] .
Amongst these interspinous process implants a ''second'' generation implant for non-rigid stabilization of lumbar segments, called Wallis system, has been developed [48] . A recent in vitro biomechanical and finite-element analysis of the Wallis showed that this implant reduces motion without suppressing it and lowers stress in the disc fibres and annulus matrix [32] .
The hypothesis of this prospective randomized comparative study was if the Wallis interspinous implant, inserted in the unfused segment cephalad to instrumented lumbar fusion, could reduce the incidence of ASD.
Materials and methods
From May 2001 to March 2002, we carried out a prospective controlled study comparing two consecutive homogenous groups of 25 consecutive patients each, who underwent surgery for degenerative spinal stenosis, spondylolisthesis, loss of segmental lordosis or combined in the same period. Group W included patients who received the Wallis implant in the unfused segment cephalad to pedicle screw instrumentation and group C patients without interspinous implant, who were selected subsequently to match the characteristics of the patients of group W and were used as controls. All 50 patients, who were initially enrolled in this study were treated with the wide decompression and posterior transpedicular rigid fixation and fusion. All surgeries were performed by the first author who is a senior spine surgeon. The surgeon was unaware preoperatively that patient was going to be included in each group to avoid bias in patient's selection. The ethics committee of this institution approved this study.
The inclusion criteria were the following degenerative spine disease (spinal stenosis, spondylolisthesis, loss of segmental lordosis), 2-4 instrumented vertebrae and fusion in the lumbar and lumbosacral spine, modified arthritic UCLA scale grade BII [15] without olisthesis or lytic lesion in the cephalad the instrumentation segment, and informed consensus.
The exclusion criteria were the following: severe osteoporosis, loss of lumbar lordosis [28] , previous lumbar surgery-fracture, lack of motion (ankylosis), UCLA [ II arthritic grade in the adjacent segment cephalad to instrumentation, spondylolisthesis, and acquired spinous process insufficiency.
The radiographic criteria for ASD in the cephalad segment above to instrumentation were the development of olisthesis, disc collapse, increased segmental range of motion (ROM), deterioration ([grade II) of modified UCLA arthritic grade (Table 1) [15, 19, 30, 33, 47] .
The clinical criteria for ASD were the worsening of low back pain, despite radiographic solid fusion in the instrumentation area and the absence of any surgery-related complication. In this study, the vertebral segment cephalad to instrumented fusion was selected for several documented reasons: (1) this is the most frequent localisation of ASD [3] ; (2) lumbosacral instrumented fusion is very rare (\3%) [15] ; and (3) with exception of few studies, all clinical and biomechanical studies address cranial segment degeneration following the rigid lumbar/lumbosacral instrumentation [39] . All patients were clinically assessed preoperatively and postoperatively with the SF-36 (physical function domain) and Oswestry Disability Index (ODI) score and the pain magnitude with Visual Analogue Scale (0-10 scale, VAS). The preoperative radiological work-up included conventional standing whole spine roentgenograms (lumbar lordosis, and DH and UCLA grading in the cephalad segment), sitting lateral dynamic bending films to measure olisthesis and ROM and supine oblique views for spinal fusion determination. The radiological parameters that were measured preoperatively to the latest evaluation included: T 12 -S 1 lumbar lordosis, ROM (flexion and extension) in degrees of the vertebral segment immediately cephalad to instrumentation, olisthesis of the vertebra cephalad instrumentation (in flexion and extension), anterior and posterior standing DH.
As instability was defined as any sagittal translation of the adjacent vertebral body above fusion greater than 3 mm and/or angle change greater than 10°between two adjacent vertebrae.
CT scans, MRI were made in most, but not in all cases and thus were not included in the evaluation of the ASD changes as others also quite recently did [52] . The radiographic changes were evaluated by a senior orthopaedic radiologist and spine surgeon who did not participate in surgery and thus did not know to which group each patient belong.
Surgical technique and Wallis interspinous implant
The second generation Wallis implant, that was used in this study is a interspinous blocker, which is made of PEEK (polyetheretherketone). Due to its shape ( Fig. 1 ) and the properties of PEEK, the implant has much greater elasticity (30 times less rigid than titanium) than the first generation titanium implant. In addition, the implant includes two ligaments made of woven Dacron that are wrapped around the spinous processes and fixed under tension to the blocker. Wallis (Abbot, USA) is fixed to the spine by two polyester bands looped around the proximal and distal spinous processes of the instrumented level and reattached to the spacer by means of two clips that are visible on plain radiographs. Four implant sizes (10, 12, 14, and 16 mm) are available to fit individual interspinous distances. While during the surgical procedure, the smallest size that had sufficient stability on the two laminae is chosen to avoid reduction of lumbar lordosis [42] . Wallis confers substantial mechanical advantages [32] : when the spinal column is submitted to loading, the interspinous blocker displaces the mechanical constraints dorsally and reduces the load upon the disc and the facet joint system. The Dacron ligaments resist traction of 200 daN and stretch approximately 20% before failure by overloading. The overall implant constitutes a ''floating'' system with no permanent fixation in the vertebral bone, which might otherwise expose in the risk of loosening. Mechanical human cadaver studies [48] have shown that Wallis permits a reduction in the mobility of intervertebral segments previously destabilized by discectomy and that it achieves an increase in the rigidity of the destabilized segment beyond normal values. There is no implant for the L5/S1 segment and thus it cannot be used below a L4/L5 fusion [63] .
Rigid pedicle screw instrumentation was used in this series for both groups. Care was taken to avoid to harm the facet joints adjacent to instrumentation (avoidance opening of facet joint capsule and lateral insertion of the pedicle screws. For technical reasons (too narrow space between spinous process and pedicle screw tulips), the Wallis device was inserted immediately after pedicle screw insertion and decompression; then the longitudinal rods were assembled after appropriate contouring. In all patients 
Grade is based upon the most severe radiographic evident on plain radiographs (? present, -absent, ?/-either present or absent) Fig. 1 The Wallis implant were used autogenous local bone derived from decompression and decortication mixed with coralline HA (50:50) for posterior and intertransverse fusion. One-way ANOVA was used to show the changes of each parameter in a group and t test for differences in a parameter between the two groups.
Results
Four patients were excluded from the final evaluation for different reasons: one patient of group W for pseudarthrosis; two patients of group C for deep infection that required re-operation and one patient of group C for ASD in the segment below instrumentation.
Twenty-four patients of group W and 21 patients of group C, who showed radiological fusion 8-12 months postoperatively were included in the final evaluation. The age of the patients of groups W and C averaged 65 ± 13 years (range 32-72 years) and 64 ± 11 years (range 33-71 years), respectively.
The instrumented levels in both groups averaged 2.5 ± 1 (range 2-4).
The Wallis was most often inserted in the L 3 /L 4 segment in 14/24 cases of group W, while the adjacent segment cephalad to instrumentation was the L 3 /L 4 in 15/21 cases of C group.
The follow-up observation averaged 54 ± 6 months. T 12 -S 1 lordosis (Fig. 2) did not postoperatively change until the final evaluation in any group, while no difference between individuals of different groups was shown in all periods of observation (W group, ANOVA, P = 0.35 vs. C group, ANOVA, P = 0.41).
Standing anterior DH (Fig. 3) did not postoperatively change in W group (ANOVA, P = 0.26) and C group (ANOVA, P = 0.69).
Standing posterior DH (Fig. 4) increased immediately postoperatively (P = 0.042) in the W group, while it did not change in the C group (P = 0.44).
The ROM (Fig. 5) at the cephalad to the instrumentation segment did not significantly postoperatively change (ANOVA, P = 0.5) in the W group, while it significantly increased at final evaluation (ANOVA, P \ 0.02) in the spines of the group C.
Wallis decreased significantly (P = 0.0024) the percent amount of olisthesis in flexion of the vertebra cephalad to instrumented spinal segments a year postoperatively, while it insignificantly (P = 0.31) decreased at the final evaluation (Fig. 6 ). Wallis decreased postoperatively significantly (P = 0.012) the amount of olisthesis in extension (retrolisthesis) of the cephalad instrumentation vertebra one-year follow-up postoperatively (Fig. 7) , while it remained unchanged at the final evaluation (P = 0.28).
Physical function domain (SF-36) improved (P \0.001) postoperative (1 year) in an equal amount in the patients of both groups (Fig. 8) . At the last evaluation, there was a statistically significant (P = 0.05) difference in favour of the patients of W group.
Oswestry Disability Index decreased significantly (P \ 0.005) in an equal amount in the patients of both groups a year postoperatively (Fig. 9) . At the final observation, there was a significant difference (P \ 0.05) in ODI score in favour of the patients of W group.
Visual Analogue Scale score (lumbar spine) averaged preoperatively 7.2 ± 2.1 and 7.4 ± 3 in the patients of groups W and C, respectively, and improved postoperatively to 3 ± 2 and 3.6 ± 3 in groups W and C, respectively.
Degeneration or deterioration of already existed lowgrade degeneration (UCLA B II) in the adjacent segment cephalad to instrumentation was shown in 1 (4.1%) and 6 (28.6%) spines in W and C groups, respectively. The levels involved in ASD are shown in Table 2 .
Symptomatic ASD required surgical intervention was shown in 3 (14%) patients of group C with UCLA grade-IV degeneration (disc space narrowing, osteophytes and endplate sclerosis) ( Table 1 ; Figs. 10, 11, 12) in the first cephalad segment, while no patient from group W needed intervention (Figs. 13, 14, 15) (Table 3) .
Complications
In one patient of group W and two patients of group C accidentally occurred intraoperatively dural violation that was immediately sutured without further problems.
Two patients of group C developed deep infection in the early postoperative phase (6-12 days postoperation) that required re-operation (wound drainage and continuous irrigation plus intravenous antibiotics). In one patient of group W and one of group C, there were observed incidentally at the final observation remote simple osteoporotic compression fractures (AO type A1.1.1) 4 and 5 levels cephalad to instrumentation. These fractures were not linked to any known trauma and were clinically silent. 
Discussion
Lumbar spine fusion is a common procedure in spine surgery to improve the pain and clinical outcome of patients with failed conservative treatment for lumbar degenerative disease and degenerative spondylolisthesis by eliminating segmental instability, which is recognised as a cause of low back pain. Indications comprise degenerative disorders and spondylolisthesis (grades I, II) [20, 24, 49] . During the last years, lumbar fusion has been increasingly criticised [6] , while clinical studies have shown similar long-term follow-up results with conservative treatment [8, 14] . Side effects of lumbar fusion include ASD, pseudarthrosis, bone-graft morbidity, high rates of re-operation, implant failure, and sagittal spinal imbalancing. More specifically, spinal fusion alters the biomechanics of the spine and the loss of motion at the fused levels is at least theoretically compensated by increased motion at other unfused segments resulting in ASD [33] . Adjacent segment degeneration is a common long-term sequela or complication of spinal fusion surgery. The exact aetiology is uncertain but alterations in facet loading, hypermobility, and increased intradiscal pressure at the segments adjacent to fusion mass is believed to play a key role [15, 21, 35, 44, 51, 60] . Superior segment facet violation or laminectomy has recently shown in vitro to destabilize the adjacent level in transpedicular fixation [9] .
Radiological disc degeneration (ASD) is all too common (5.2-100%) complication that the initial good results following a posterior spinal fusion degrade as adjacent mobile segments proximal to the fusion degenerate over time compromising the late outcome of many short and midterm successes [1, 16, 26, 33, 43, 53] . There is an increasing concern, regarding the long-term consequences of these asymptomatic changes; however, correlation of ASD and clinical outcome is still unclear [46, 52] .
The reported incidence of symptomatic ASD is significantly lower (5.2-18.5%) than the radiologic ASD. ASD incidence is higher in patients with transpedicular instrumentation (12.2-18.5%) compared with patients fused with other forms of instrumentation or with no instrumentation (5.2-5.6%). Evidence of radiographic degeneration, however, does not necessarily lead to a poor clinical outcome of surgery [21, 52] . A recent clinical study [52] showed that the incidence of ASD (DH reduction) in the first cephalad adjacent segment 10 years following 360°i nstrumented lumbar fusion averaged 21%, while in the second adjacent level averaged 16%. In our series, the incidence of ASD both in the first and second cephalad adjacent segment following posterolateral transpedicular fixation without Wallis averaged 28.6%, while in the Wallis group it was 4.1%. Thus, although different fusion methods and imaging techniques were used in Schulte's and ours series it seems that the addition of Wallis protected not only the first but also the second cephalad segment from ASD. In our series, the incidence of radiographic ASD cephalad to instrumentation was 4.1% in the patients who received interspinous implant, significantly lower compared with patients without spacer in which it was 28.6%. Although the most common segment involved in ASD was the L3/L4 in 5/7 spines, no conclusion can be drawn regarding correlation between levels involved in ASD and clinical outcome because of small sample of patients. In the present study, the incidence of symptomatic ASD in the cephalad segment that required surgical intervention was 14% and was limited only in the patients without Wallis (group C).
However, to solve the complication of ASD several flexible or even dynamic devices have been used with controversial results [17, 43, 50, 52] . It has been proposed that non-fusion motion preservation surgery may prevent accelerated ASD because of the protective effects of continuing segmental motion. Dynesys have been used for motion preservation since 1994 to allow mobile load transfer, and provide controlled motion, thereby off-loading the facet joints and posterior disc [51] . Because of the rigidity of Dynesys some authors have doubted the protective effect of this construct on adjacent segment [23, 51, 55, 56] . A recent prospective clinical study with 2 years of follow-up showed with the use of MRI that disc degeneration at the bridged and cranial adjacent segment continue (20%) despite Dynesys dynamic stabilization [29] . Others [27] compared three posterior pedicle-screw instrumentations (rigid, semi-rigid and dynamic) and found no differences in the incidence of ASD after a follow-up of 4 years.
With the exception of a few studies, all of the biomechanical and clinical studies address cranial segment degeneration [15, 39] , because ASD caudal to a fusion is significantly less common [10] . The explanation for this is that in the adjacent segment cephalad to a fusion there is increased mobility compared with the adjacent caudal segment [5] . A recent clinical study showed that ASD occurred in 89% of the cases cephalad to lumbar fusion, 3.7% of the cases caudal and combined cephalad and caudal in 7.5% of the cases [10] . For these reasons, in our study, we investigated the mobility and associated degenerative signs only the vertebral segment cephalad to instrumented lumbar fusion. In our series of 45 followed up patients only one (2.2%) developed ASD caudal to instrumentation.
Most of the previous relative studies have correlated ''static'' radiographic criteria (DH, traction spurs, osteophytes, etc) with clinical symptoms [3, 37, 45] . Others have additionally used advanced imaging techniques as computed tomography (CT), magnetic resonance imaging (MRI) [13, 25, 53, 63] . In this study, we used the ''statistic'' radiographic criteria (UCLA arthritic grading system) that has been successfully used by others [15] along with dynamic motion parameters for the cephalad ASD (ROM, olisthesis). Schulte recently used DH reduction on plain roentgenograms as a measure of ASD. In the present study, we were able to show that the increased ROM and olisthesis in the control group should be responsible for the higher incidence of radiological incidence of ASD in this group when compared with the Wallis group.
To reduce the incidence of ASD by preserving motion, several implants of non-rigid or even dynamic stabilization of lumbar intervertebral segments have been developed. Some of them (Graf, Dynesys) were secured to the spine by pedicle screw fixation systems [17] , while other implants are secured in the interspinous space [38, 48] . Although early results of pedicle-screw systems of flexible intervertebral stabilization have been encouraging [17] some longterm results have revealed possible drawbacks [18, 54] , including increased lumbar lordosis, stretching of the Dacron parts, and malpositioning and loosening of pedicle screws leading to increased re-operation rate.
Recently, several implants have been developed with non-bony fixation, some connecting spinous processes, and laminae [5, 42] other connecting two adjacent spinous processes [38] .
Amongst these implants is the Wallis, a ''second'' generation PEEK implant for non-rigid interspinous stabilization of lumbar segments, which was used in our series cephalad to the uppermost instrumented lumbar vertebra to preserve motion and reduce ASD incidence in this transitional unfused segment. A recent comparative biomechanical study showed that Wallis reduced the ROM and load on the disc and articular processes stresses, while it increased loads transmitted through the spinous processes [43] . In our series, Wallis implant controlled the ROM of the cephalad not fused vertebra and restored the DH at this segment without reduction of the global lumbar lordosis and sagittal balance until the latest observation 60 months after index surgery. Using an MRI-based classification, some investigators inserted the Wallis implant to treat disc degeneration grades II-IV [33, 62] . In our study, we used the Wallis implant also in patients with UCLA I and II degeneration in the segment cephalad to instrumentation.
Senegas reported 7% re-operation rate, within 3 months postoperatively due to the loosening of the previous generation implant in a discectomy population that was treated with the Wallis implant because of persistent low back pain. No loosening or re-operation of the second generation Wallis was shown in the present series.
There are limitations to our study, as there are several inherent difficulties in studying ASD. First, the definition of ASD, not to mention the specific definition of radiographic ASD and clinical ASD, differs from study to study. In this study, we studied clear static radiographic along with dynamic parameters. The latter seems to be in accordance with others (Schulte), who recently used plain radiological criteria (DH) to evaluate ASD. Second, MRI was not used to define the degree of ASD in the segment cephalad instrumentation; however, there are no evidencebased studies to support any link between pain and MRpositive signal. Third, ASD in the ''unprotected'' segment cephalad to rigid fixation may be a physiological process and not the results of stress concentration even after short fusion? Finally, the outcome evaluation questionnaires (VAS, SF-36 and ODI) specific enough to differentiate the origin of pain (ASD degeneration vs. other aetiology of postoperative pain).
In accordance with previous observations, the incidence of clinically important ASD was significantly less than that of the radiographic ASD. Thus, surgeons should be aware that radiographic evidence of disc space narrowing and degenerative changes do not necessarily correlate with symptoms [43] .
In this series, the Wallis interspinous implant changed the natural history of ASD in the free segment cephalad to 2-4 levels instrumented rigid lumbar fusion and reduced until to 5 years postoperatively in an equal rate the incidence of the radiographic and symptomatic ASD in the two adjacent segments cephalad to instrumented lumbar fusion. The remote fractures in the thoracolumbar spine seem not to be related to spine surgery but to natural history of the degenerative disease and ageing process.
We recommend the use of interspinous implants such as Wallis in UCLA I and II grades to protect the two adjacent cephalad to short (2-4 vertebrae) rigid fixation segments in the lumbar spine. However, for more severe arthritic changes (UCLA C II) we strongly recommend inclusion of degenerated segments into the fusion.
Prospective randomized comparative studies with greater number of patients, more levels of instrumentation and longer follow-up are necessary to definitively support the conclusions of this study and to determine the usefulness of the Wallis to protect adjacent unfused mobile lumbar segments.
